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Non-destructive testingAbstract The corrosion process in reinforced concrete structures, exposed to marine or
industrial environments, causes the appearance and growth of cracks. As a consequence, this
produces a slow degradation of the material physical properties, steel fragilization and a decrease
of the bond strength and steel reinforcements, cross section, affecting its static and dynamic
behavior.
In the second half of the twentieth century, the importance of constructions’ service life was
noticed, so different techniques have been developed to predict the Residual Life of existing struc-
tures, in order to increase it. This situation has a signiﬁcant economic impact on society.
This paper presents a non-destructive technique to predict the Residual Life of reinforced con-
crete beams having different cracking levels, as results of steel reinforcement corrosion, considering
the variation produced in the dynamic behavior, through the variation of the ﬁrst natural vibration
frequency.
The reinforcement corrosion is an electrochemical process that can be quantiﬁed by measuring
the intensity of the current on the concrete surface. In this paper, to simulate the corrosion process,
a current is externally applied to the studied structure reinforcement and then crack widths and
vibration natural frequencies are measured. Based on these measurements a mathematical model
is proposed to predict structure remaining life.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Housing and Building National Research
Center. This is an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/3.0/).Introduction
The damage occurring in a concrete structure could be the
result of loads exceeding its structural capacity or expiration
of its service life. Its physical and mechanical properties can
change because of environmental conditions, which is the case
for structures exposed to marine environments, such as ports,
offshore structures, reefs, bridges, silos or for structures
exposed to certain industrial environments.
Assessment of residual life of concrete structures 115Consequently, there are important risks of failure and even
of collapse that could have an impact on different aspects, such
as humans, social, economic and environmental [1].
Due to corrosion of the embedded reinforcement steel, the
mechanical behavior of a damaged reinforced concrete struc-
ture is different than that of an undamaged one. The main
structural damages are reduction of the reinforcement bar
diameter, loss of bond between the steel bars and the concrete,
steel embrittlement and concrete cracking [2].
Produced rust exerts radial pressure on the surrounding
concrete of the reinforcement subjecting it to biaxial tensions
which induce cracking [3,4]. The width of these cracks depends
on the quality and the cover thickness of the concrete [5], along
with spatial distribution of the reinforcement [6] and stress
state to which the reinforcement steel is subjected to [7]. Cor-
rosion may affect residual strength of reinforced concrete ele-
ments in several ways, such as, cross section loss of the
reinforcement bar, reduction in the strength of corroded rein-
forcement bar, reduction in the concrete cross-section due to
reinforcement corrosion that induced cracking and spalling,
and loss of bond strength [8,9].
As a consequence, there is a gradual degradation of the
material physical properties that leads into the reduction of
the reinforced concrete element cross section, which diminishes
the effective Moment of Inertia, inﬂuencing the element’s
dynamic and static behavior.
Research has shown that concrete bar deterioration caused
by corrosion, diminishes the service life of the structures
[10,11]. Besides, rigidity and load carrying capacity of the
beams damaged by corrosion are affected [9,12,13].
Considering that most of the affected structures need to
remain in good conditions for a relatively long time, it is
important to develop non-destructive tests to evaluate the state
of structure deterioration, without removing them to perform
the analysis, for instance, tests of traditional static load. In
addition, more than twenty years ago the CEB 162 [14] pro-
posed empirical ways to assess the structural damage and to
determine damage levels, based on visual inspections of the
structural member vertical displacement and the concrete
and reinforcement state. Then, according to the damage level,
it is decided when the studied structure is repaired (Residual
Life), to restore the serviceability level of the affected structure
or of the structural component.
Several studies have been related to the service life and the
Residual Life considering the penetration of chlorides and/or
carbonation, establishing a limit to the service life when rein-
forcement depassivation. In subsequent research it was estab-
lished an admissible degree of reinforcement corrosion to set
the threshold of life service [15], this is an analysis that usually
takes only into account aspects of the material, not the
mechanical behavior of the structural member.
Other studies take under consideration the structural
behavior of the affected element. In this way, it can be estab-
lished the ultimate load capacity [10,16], data that from a prac-
tical point of view is very important because it allows to
establish whether the structural safety coefﬁcient has been
exceeded or not. Moreover, it is important to estimate when
it is needed to make a repair or to put out of service the dam-
aged structure, for this reason is very important to know the
structural Residual Life [17,18].
The experimental–numerical methodology to estimate the
end of the functional service life (Residual Life) presented inthis paper, is based on laboratory determinations developed
[19] in a previous stage, where the corrosion degree of the rein-
forcement of concrete beams, and its collateral effects, such as
longitudinal cracks, is correlated with the changes produced in
its dynamic behavior, in this case the natural vibration fre-
quencies. Experimental results obtained by other authors show
that reinforcement corrosion produces signiﬁcant changes in
the Load-carrying Capacity (static considerations) and at the
same time, modal parameters are affected (natural frequencies
and to a lesser extent, the damping ratio) [20].
According to Khan et al. [21], the steel loss in the stirrups
had no relationship with the crack width of longitudinal corro-
sion cracks. The proposed method allows quantifying the
degree of structural alterations based on the change in
dynamic properties [21–23], with a minimum inﬂuence on the
serviceability level of the studied beams.
Experimental model
Test specimen characteristics
In this work, beams with different types of concrete were used
(Table 1), having a similar composition to concretes found in
actual structures, which not always fulﬁll the prescribed stan-
dards (curing treatment and particle sizing of ﬁne aggregates).
Concretes with the following characteristics were considered
[24]:
Concretes were made with a water/cement ratio of 0.60, a
value within the parameters of a great number of constructions
in use, which can have durability problems depending on their
atmosphere. So, using this water/cement ratio, aggregates with
the correct amount and working with an adequate cure/treat-
ment, reinforced concretes with a characteristic compressive
strength (cylindrical) of approximately 17 MPa can be
obtained. Currently, the standards recommend lower water/
cement ratio values to improve structure durability [26].
Two types of test specimens were made for the experimental
work:
i. Those of reinforced concrete have the following dimen-
sions [cm]: 8 · 16 · 110 assembled with steel bars of nat-
ural hardness (ADN 420, IRAM-IAS U 500-528) having
a nominal diameter of 4.2 mm and a smooth steel stirrup
with a nominal diameter of 2.1 mm, and a constant con-
crete cover thickness of 10 mm. These test specimens
were the ones used in the accelerated corrosion tests.
The ﬁlling up of the molds was done in two stages, com-
pacting them with a laboratory vibrator.
ii. The cylindrical ones (15 · 30 cm), were used in the per-
meability (IRAM 1554) [27] and mechanical tests: com-
pression strength (IRAM 1546) [28] and at indirect
tensile (IRAM 1658) [29]. They were cast in accordance
with current legislation in Argentina (IRAM 1534) [30].
After 24 h under laboratory conditions (Temperature:
20 ± 2 C and Relative Humidity  50%), the test specimens
were demolded.
Each series was treated according to the following curing
type:
A. in laboratory environment: Temperature: 20 ± 2 C and
Relative Humidity  50%, until an age of 28 days;
Table 1 Concrete mixture proportions (per m3 of mixture) [24].
Mixture type 1 2 3 4
Cement (kg) 300 300 290 283
Fine aggregatea Fine sand Mixture sand Fine sand Crushed stone
Content (kg) 1035 1049 872 938
Coarse aggregatea Quartz Quartz Boulder Boulder
Content (kg) 840 826 1050 1010
Maximum aggregate size (mm) 19 19 26.5 26.5
a All used aggregates follow IRAM Norm 1627 [25].
116 N.F. Ortega, S.I. RoblesB. covered during the ﬁrst 7 days at a Temperature of
40 ± 5 C and Relative Humidity  13%, then in labo-
ratory atmosphere until completing the 28 days;
C. in laboratory environment, under artiﬁcially produced
wind, with a speed of 10 ± 1 km/h, during the ﬁrst
7 days, then in laboratory atmosphere until completing
the 28 days; and
D. in a humid atmosphere, during 28 days in laboratory
with the following conditions: Temperature: 20 ± 2 C
and Relative Humidity > 90%, according to the speciﬁ-
cations of IRAM Norms 1534 [30].
Accelerated method of corrosion
It was applied a constant current density equal to icorr = 100
mA/cm2 on the central zone (50 cm length) of the tested
beams, Fig. 1. This value corresponds to 10 times the maxi-
mum value of normal levels of corrosion current density, mea-
sured in concrete structures highly corroded and contaminated
with chlorides [31].
Once the corrosion process advances, the rust products
which have a greater volume than those of the original steel
bar spread within the concrete, through its pore structure.
When pores are completely ﬁlled with corrosion products,
internal pressures are developed, eventually resulting in
cracking.
Penetration depth due to corrosion attack on the bars is
determined by Faraday’s law, in case of a uniform attack.
The following equation applied to iron corrosion, was used
in this work to determine the theoretical bar penetration depth
(P): [5]
P ¼ 0:032  icorr  t ð1Þ
where:
P: theoretical radius loss or bar penetration depth (mm),
0.032: unit conversion factor (mA/cm2 to mm/day),
icorr: average value of current density (mA/cm
2),
t: time since current was applied (days).Fig. 1 Experimental set-up of the accelerated corrosion test.Cracking and ﬁrst natural frequency measurement
Cracking evolution was visually determined every 15 days,
since its beginning. As shown in Fig. 2, these cracks in the con-
crete cover mainly extended to coincide with the location of the
main reinforcement. Their growth was measured with a graded
scale (precision: 0.05 mm). The evolution of the Maximum
Cracking Width and the Cracking Areas was registered in
graphs versus time [24].
In order to determine the ﬁrst natural frequency of the
beams (also called fundamental frequency), it was used an
impact hammer as excitation method. The force was applied
to the beam central zone, on the face not affected by the rein-
forcement corrosion process.
In the central area of the beam is set a piezoelectric acceler-
ometer, Vernier (model LGA-BTA), of small size (see Fig. 3).
It should be noticed that the weight of the accelerometer, is
under 45 g, so its inﬂuence on the natural frequencies of the
beam is negligible. The accelerometer signal was sent to a spec-
trum analyzer (FFT), LabQuest, where frequencies and ampli-
tudes corresponding to the different measurements are
determined [19].
Experimental results
Results obtained through these laboratory experiments are
shown in Table 2 and Figs. 4 and 5, respectively [19,24]. These
are the results corresponding to the 12 tested beams which
present the variation of the ﬁrst natural frequency during test
time, as well as, the characteristics of each mixture used.
From these graphs it can be observed that before the begin-
ning of the corrosion process, the ﬁrst natural frequencies of
all the beams are similar. This can be explained as follows, if
we take into account that the ﬁrst natural frequency is propor-Fig. 2 Cracking pattern in Beam VII.
Fig. 3 Measurement of natural frequencies.
Table 2 Characteristics and ﬁrst natural frequency of the beams [24].
Beam N Mixture and curing typea Strength (MPa) First natural frequency
Compression Tensile Initial (Hz) Frequency loss %
I 2 – A 23.8 2.7 179.1 13
II 4 – A 26.3 4.0 179.3 9
III 1 – B 17.3 2.2 176.2 12
IV 2 – B 19.0 2.1 178.1 12
V 4 – B 22.8 3.7 181.8 13
VI 1 – C 16.5 2.2 177.9 13
VII 2 – C 19.0 2.4 178.5 10
VIII 4 – C 22.8 2.0 177.1 12
IX 1 – D 32.8 4.0 179.3 13
X 2 – D 31.6 4.0 177.4 10
XI 3 – D 29.7 3.3 179.2 13
XII 4 – D 28.7 3.3 178.9 17
a See Section ‘Test specimen characteristics’.
Fig. 4 First natural frequency versus test time. Beams I–VI. Fig. 5 First natural frequency versus test time. Beams VII–XII.
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Fig. 6 First natural frequency versus cracking area. Beams I–VI.
Fig. 7 First natural frequency versus cracking area. Beams VII–
XII.
Fig. 8 Finite Element Model: First vibration mode.
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plied by the Moment of Inertia, divided by the mass [32,33].
For this reason, variations of the concrete strength do not
meaningfully affect the ﬁrst natural frequency, as in each beam
simultaneously varies, in the opposite direction, its Modulus of
Elasticity and its mass, offsetting its effects. Dynamic measure-
ments established that the ﬁrst natural frequency falls between
9% and 17% compare to the initial frequency (undamaged
beam), according to the characteristics of the concrete of each
beam. This behavior has a direct relation to the size of the
cracking area (Figs. 6 and 7) and to the bar penetration depth
[19].
Del Grosso et al. [34] report a reduction around 12% in the
ﬁrst frequency due to concrete cracking and reinforcement cor-
rosion of simply supported beams. These results correspond to
dynamic test of reinforced concrete beams made with the aim
to simulate the behavior of highway viaducts beams.
Razak and Choi [20] inform the results of laboratory tests
made with similar beams to those analyzed here, with a loss
of the bar section of about 8%, there were observed reductions
of 4% in the ﬁrst natural frequency.
In the tested beams for this study, the section loss of the
longitudinal reinforcement is about the 16%. Considering that
the reduction of the ﬁrst natural frequency is nonlinear (Figs. 4
and 5), and if the section loss of the beams [20] was duplicated
(16%), the reductions of the ﬁrst natural frequencies would be
similar to those shown in this paper.
Notice that in Figs. 4 and 5, time axis could be replaced by
bar penetration depth, as these two variables are related by Eq.
(1).The relation between the Cracking Areas and the ﬁrst nat-
ural frequency [24,35] was represented in Figs. 6 and 7. The
Cracking Areas were determined by the product of the width
times the length of each crack, measured on the concrete cov-
ering surface.
Figs. 4 and 5 show that, once the reinforcement corrosion
process advances, the ﬁrst natural frequency decreases in a sim-
ilar way in all the beams, with little dispersion. Cracking Areas
(Figs. 6 and 7) evolved following similar variation laws. A con-
siderable dispersion in the results was observed, which increased
over time as the corrosion process advanced. At the end of the
testing period, Cracking Areas range from 40 to 200 mm2. This
difference in the cracking pattern is due to the inﬂuence of the
pore structure of concretes used in the beams [35]. For example,
Beams IX–XII, were exposed to humid atmospheres, resulting
in concretes with higher mechanical strength (pore structure is
ﬁner). They presented, on average, the largest Cracking Areas,
matching the relation between concrete pore structure and
cover cracking, proposed by other authors [5].
The modiﬁcation of the ﬁrst natural frequency versus time
(Figs. 4 and 5) and versus Cracking Areas (Figs. 6 and 7) was
analyzed simultaneously, showing that the ﬁrst natural fre-
quency decreases with the increase of the Cracking Areas and
testing time. As long as concrete cover loss does not take place,
the variations of the Moment of Inertia (evident in the ﬁrst nat-
ural frequency decrease) are similar in all the beams presenting
smaller dispersion than the progress for Cracking Areas.
Numerical model
The analysis was performed following the Finite Elements
Method (FEM), using the Autodesk Algor Simulation 2012
software [36]. The 5 studied models had the same geometry
than the tested beams. One of them represented an undamaged
beam and the other 4 models simulated beams with different
damage levels. These two-dimension models were built using
triangular and rectangular elements. The simply supported
beams were analyzed under permanent loads. The reinforced
concrete material was simulated as homogenous and isotropic,
with the following properties: Elasticity Modulus = 1.8
0 · 109 MPa, Poisson’s Modulus = 0.2, Density = 2400 kg/
m3. A linear elastic analysis was carried out. Fig. 8 shows the
ﬁrst vibration mode of the model.
The damaged zone was modeled using an Equivalent Elas-
ticity Modulus (Eequ), smaller than the undamaged part one.
In each of the 4 models, the damaged zone Eequ value was
adjusted in order to make the ﬁrst natural frequency coincide
with experimental measurements, for the dynamic analysis. In
order to simplify the model, using commercial software, a linear
elastic model was proposed, where the damage is simulated by
decreasing the Elastic Modulus (using an Equivalent Elasticity
Modulus). It should be noticed that the global measured
parameter was the ﬁrst natural frequency.
Fig. 9 Equivalent Elasticity Modulus versus bar penetration
depth, for the conditions of the problem presented in this study.
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tion depth (parameter that quantiﬁes the structural damage)
was presented. It can be observed that the relationship between
them, for the conditions of the problem presented in this study,
is linear (Fig. 9). It should be noticed that the corrosion pro-
cess starts from the ﬁrst test day, so from that moment on, Eequ
decreases. Usually in real structures, a period of time elapses
until reinforcement depassivation, in which the value of Eequ,
remains constant.
It is worth to mention that bar penetration depth resulting
from corrosion can be determined, theoretically based on Far-
aday’s law. This penetration depth is related to corrosion cur-
rent density (icorr) in the affected bars, which must be
determined in-situ using equipment that works under electro-
chemical principles [37], for example by determining the linear
polarization resistance.
A similar analysis can be made by using Cracking Maxi-
mum Width. Other research established that this parameter
varies in an approximately linear way regarding bar penetra-
tion depth [5,38]. Moreover, Cracking Maximum Width is a
localized measurement and its location can vary, as the deteri-
oration level of the structure advances.
The measurement of corrosion current density, may intro-
duce certain degree of uncertainty, due to temperature and
moisture inﬂuence [39]. However, it is considered to be a rep-
resentative parameter, directly related to the loss of reinforce-
ment section, being a parameter used in structural evaluations
to establish structural service life [18]. In recent years, there is
widespread use of concrete resistivity measurement for condi-
tion assessment of reinforced concrete structures. Overall,
there exists an inverse proportional correlation between corro-
sion rate and concrete resistivity. Different parameters have an
inﬂuence on the corrosion–resistivity relationship (cement
type, moisture, temperature, cover carbonation, among other).
Although the concrete resistivity seems promising for the
assessment of service life of reinforced concrete structures,
one single relationship cannot be established between corro-
sion rate and resistivity [40].
Determination of the Residual Life
General considerations
As mentioned above, dynamic considerations allow to evaluate
the overall structure state, which it could be considered as a
good indicator of structural integrity. Also, periodical measure-ments are advisable in order to establish the sensitivity for
reduction of the ﬁrst natural frequency [41]. On the other hand,
it is advisable to analyze the Residual Load-bearing Capacity
of the critical sections. In these analyzes, it must be considered
that if uniform corrosion attack appears on the bars, the
mechanical considerations should be calculated using Eq. (1).
If there is strongly localized corrosion attack (pits), which nor-
mally appears when corrosion has been induced by chlorides,
there is greater uncertainty regarding the cross-sectional effec-
tiveness of the bars, because pits could be up to 10 times deeper
than the theoretical average penetration depth [9].
Predictive model
The procedure to estimate the Residual Life of simply sup-
ported concrete beams is explained below:
(a) Determine the value of the ﬁrst natural frequency of the
undamaged structure (following the methodology
explained in Section ‘Cracking and ﬁrst natural fre-
quency measurement’). The ideal procedure would be
to measure it in an undamaged section having equal
characteristics, for example an undamaged beam of the
same structure; but if this is not possible, the ﬁrst natural
frequency could be established theoretically [32]. How-
ever, in this case, there are some parameters that must
be determined in-situ, such as Concrete Elasticity Mod-
ulus, which can be established reliably through a static
load test, measuring beam vertical displacement.
(b) Uncover the bars, at critical points of the structure, in
order to establish the cross section reduction, consider-
ing the corrosion penetration depth as uniform. In this
way, the average current density developed in the corro-
sion process can be estimated. This is useful to predict
future deterioration (bar penetration depth), with Eq.
(1). Another option is to measure the actual current den-
sity of the affected bars in-situ.
(c) The ﬁrst natural frequency versus the average penetration
depth (measured at critical points of the structure) is pre-
sented graphically. The values of the ﬁrst natural fre-
quency are obtained as required in a) and one or more
frequencymeasurements, are performed at different times
(at Figs. 4 and 5, it was replaced time by bar penetration
depth). To increase prediction quality, it is desirable to
obtain a great number of measurements in time.
(d) The Eequ of the model is adjusted, until the ﬁrst natural
frequency, numerically determined, matches the experi-
mental measurement. In this way, the magnitude of Eequ
of the structural element is determined for different dete-
rioration levels.
(e) The variation of Eequ is graphically presented in relation
to the bar penetration depth. In order to do this, at least
the initial conditions and one measurement in situ are
required. Based on the experimental results is appreci-
ated that the relationship between Eequ and time is
almost linear (Fig. 10) then the Eequ value can easily
be extrapolated. A new model is analyzed with MEF,
until calculated results reach a ﬁrst natural frequency
limit, like the limits established by CEB-209 [42], AISC
[43] or DIN 4150 [44]. With this value, the theoretical
bar penetration depth is determined.
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Fig. 10 Evolution of Equivalent Elasticity Modulus during
service life, for the conditions of the problem presented in this
study.
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beam (Fig. 10), can be estimated using Eq. (2):
Residual Life ¼ 31:25 P
icorr
 Ta ð2ÞThe ﬁrst term of this equation is the theoretical life of
the structure, since the process of bar corrosion began
at t= 0. Here, the acceptable theoretical bar penetra-
tion depth (P in lm), is determined according to the pro-
cedure outlined in (e) and the corrosion current density
(icorr in lA/cm
2) is determined according to the proce-
dure established in (b). The second term of Eq. (2), Ta
(measured in days), represents time from t= 0 to last
testing date.
(g) Static features have to be compared to the Residual Life
obtained in (f) (Minimum Service Load), taking into
account concrete loss, steel sections and the bond
between them. Regarding bond loss between bars – con-
crete, it is crucial, if the affected area is located at the
end of a reinforcement bar. Bond strength suggested
by different standards is affected by a safety factor. Tak-
ing a safety factor of 3, as recommended [44], and con-
sidering experimental data generated by various authors
[45], it can be determined that with a cross sectional loss
in the range of 8–10% of a single bar, the bond between
the steel bar and the concrete is lost. Following this
approach, the theoretical bar penetration depth (P) of
a bar is assumed to correspond to the loss of the cross
section mentioned before. Applying Eq. (2), the Resid-
ual Life considering bond is estimated. It is adopted as
the structure remaining life, the lowest among the stati-
cally and the dynamically determined in (f).
(h) It is worth to mention that the stirrups can also be
affected by corrosion. In that case, also the shear strength
must be veriﬁed. This is calculated with the remaining
cross section of the bars of the affected stirrups.
Final considerations
The experimental–numerical technique presented here, is reli-
able for analyzing corrosion processes induced by carbonation,because the attack to the bars is uniform. However, in case of
corrosion induced by chlorides, there is uncertainty due to the
likely presence of localized pitting attack. For this reason, a
conservative approach should be adopted, including in the
analyses, for example, the maximum reduction of the bars
cross section produced by pitting (5 times diameter loss com-
pared to that of a uniform attack). There is also a certain
degree of uncertainty in the determination of icorr. For this rea-
son, it is advisable to make several measurements of the corro-
sion current density icorr in critical points of the analyzed
structure, at the same time of the year (maintaining similar
temperature and humidity conditions). If possible, repeat the
measurements on different days, until a representative value
of this parameter is established. It is suggested to maintain a
monitoring frequency of once in 3–5 years, if icorr has low val-
ues [31]. In the opposite case, it is advisable to increase this fre-
quency. In spite of these limitations, which are also
characteristic of other proposed predictive models to estimate
concrete covering cracking [46,47], the model presented here is
more reliable than other classic methods to predict the Resid-
ual Life of a structure, such as the one proposed by Document
CEB 162 [14].
Conclusions
The methodology developed in this work, is considered to be
an important contribution to the prediction of the Residual
Life of a reinforced concrete structure affected by corrosion
of its reinforcing bars. The proposed technique is based on
non-destructive measurements and considers structure
dynamic behavior. The implementation is relatively simple
and the most remarkable aspect of this technique is the possi-
bility to predict when the deteriorated structure should be
repaired and when it should be removed. It is worth to men-
tion, that the quality of the predictions depends on the quality
and the number of measurements taken in situ.
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